We present in this work a study of brane theory phenomenology focusing on the brane tension parameter, which is the main observable of the theory. We show the modifications steaming from the presence of branes in the rotation curves of spiral galaxies for three well known dark matter density profiles: the Pseudo isothermal, Navarro-Frenk-White and Burkert dark matter density profiles. We estimate the brane tension parameter using a sample of high resolution observed rotation curves of low surface brightness spiral galaxies and a synthetic rotation curve for the three density profiles. Also, the fittings using the brane theory model of the rotation curves are compared with standard Newtonian models. We found that Navarro-Frenk-White model prefers lower values of the brane tension parameter, on the average λ ∼ 0. 
I. INTRODUCTION
General Theory of Relativity (GR) is the cornerstone of astrophysics and cosmology, giving predictions with unprecedented success. At astrophysical scales GR has been tested in, for example, the solar system, stellar dynamics, black hole formation and evolution, among others (see for instance [1] [2] [3] ). However, GR is being currently tested with various phenomena that can be significant challenges to the GR theory, generating important changes never seen before. Ones of the major challenges of modern cosmology are undoubtedly dark matter (DM) and dark energy. They comprise approximately 27% for DM and 68% for dark energy, of our universe[4] allowing the formation of large scale structures [5, 6] . Dark matter has been invoked as the mechanism to stabilize spiral galaxies and to provide with a matter distribution component to explain the observed rotation curves. Nowadays the best model of the universe we have is the concordance or ΛCDM model that has been successful in explaining the very large-scale structure formation, the statistics of the distribution of galaxy clusters, the temperature anisotropies of the cosmic microwave background radiation (CMB) and many other astronomical * aspeitia@fisica.uaz.edu.mx † marioalberto.rodriguez@inin.gob.mx observations. In spite of all successes we have mentioned, this model has several problems, for example: predicts too much power on small scale [7] , then it over predicts the number of observed satellite galaxies [8] [9] [10] and predicts halo profiles that are denser and cuspier than those inferred observationally [11] [12] [13] , and also predicts a population of massive and concentrated subclass that are inconsistent with observations of the kinematics of Milky Way satellites [14] . One of the first astronomical observations that brought attention on DM was the observation of rotation curves of spiral galaxies by Rubin and coworkers [15] , these observations turned out to be the main tool to investigate the role of DM at galactic scales: its role in determining the structure, how the mass is distributed, and the dynamics, evolution, and formation of spiral galaxies. Remarkably, the corresponding rotation velocities of galaxies, can be explained with the density profiles of different Newtonian DM models like Pseudo Isothermal profile (PISO) [16] , Navarro-Frenk-White profile (NFW) [11] or Burkert profile [17] , among others [18] ; except by the fact that until now it is unsolved the problem of cusp and core in the densities profiles. In this way, none of them have the last word because the main questions, about the density distribution and of course the nature of DM, has not been resolved.
Alternative theories of gravity have been used to model DM. For instance a scalar field has been proposed to model DM [19, 20] , and has been used to study rotation curves of spiral galaxies [21] . This scalar field is coupled minimally to the metric, however, scalar fields coupled non minimally to the metric have also been used to study DM [7, [22] [23] [24] . Equivalently F (R) models exists in the literature that analyzes rotation curves [25] .
On the other hand, one of the best candidates to extend GR is the brane theory, whose main characteristic is to add another dimension having a five dimensional bulk where it is embedded a four dimensional manifold called the brane [26] . This model is characterized by the fact that the standard model of particles is confined in the brane and only the gravitational interaction can travel in the bulk [26] . The assumption that the five dimensional Einstein's equations are valid, generates corrections in the four dimensional Einstein's equations confined in the brane bringing information from the extra dimension [27] . These extra corrections in the Einstein's equations can help us to elucidate and solve the problems that afflicts the modern cosmology and astrophysics [28] .
Before we start, let us mention here some experimental constraints on braneworld models, most of them about the so-called brane tension, λ, which appears explicitly as a free parameter in the corrections of the gravitational equations mentioned above. As a first example we have the measurements on the deviations from Newton's law of the gravitational interaction at small distances. It is reported that no deviation is observed for distances l 0.1 mm, which then implies a lower limit on the brane tension in the Randall-Sundrum II model (RSII): λ > 1 TeV 4 [29] ; it is important to mention that these limits do not apply to the two-branes case of the Randall-Sundrum I model (RSI) (see [30] for details). Astrophysical studies, related to gravitational waves and stellar stability, constrain the brane tension to be λ > 5 × 10 8 MeV 4 [28, 31] , whereas the existence of black hole X-ray binaries suggests that l 10 −2 mm [30, 32] . Finally, from cosmological observations, the requirement of successful nucleosynthesis provides the lower limit λ > 1 MeV 4 , which is a much weaker limit as compared to other experiments (another cosmological tests can be seen in: Ref. [33] ).
In fact, this paper is devoted to study the main observable of brane theory which is the brane tension, whose existence delimits between the four dimensional GR and its high energy corrections. We are given to the task of perform a Newtonian approximation of the modified Tolman-Oppenheimer-Volkoff (TOV) equation, maintaining the effective terms provided by branes which cause subtle differences in the traditional dynamics. In this way we test the theory at galactic scale using high resolution measurements of rotation curves of a sample of low surface brightness (LSB) galaxies with no photometry [34] and a synthetic rotation curve built from 40 rotation curves of spirals of magnitude around M I = −18.5 where was found that the baryonic components has a very small contribution [38] , assuming PISO, NFW and Burkert DM profiles respectively and with that, we constraint the preferred value of brane tension with observables. That the sample has no photometry means that the galaxies are DM dominated and then we have only two parameters related to the distribution of DM, a density scale and a length scale, adding the brane tension we have three parameters in total to fit. The brane tension fitted values are compared among the traditional DM density profile models of spiral galaxies (PISO, NFW and Burkert) and against the same models without the presence of branes and confronted with other values of the tension parameter coming from cosmological and astrophysical observational data. This paper is organized as follows: In Sec. II we show the equations of motion (modified TOV equations) for a spherical symmetry and the appropriate initial conditions. In Sec. III we explore the Newtonian limit and we show the mathematical expression of rotation velocity with brane modifications; particularly we show the modifications to velocity rotation expressions of PISO, NFW and Burkert DM profiles and they are compared with models without branes. In Sec. IV we test the DM models plus brane with observations: we use a sample of high resolution measurements of rotation curves of LSB galaxies and a synthetic rotation curve representative of 40 rotation curves of spirals where the baryonic component has a very small contribution. Finally in Sec. V, we discuss the results obtained in the paper and make some conclusions.
In what follows, we work in units in which c = = 1, unless explicitly written.
II. REVIEW OF EQUATIONS OF MOTION FOR BRANES
Let us start by writing the equations of motion for galactic stability in a brane embedded in a fivedimensional bulk according to the RSII model [26] . Following an appropriate computation (for details see [27, 30] ), it is possible to demonstrate that the modified fourdimensional Einstein's equations can be written as
where κ (4) and κ (5) are respectively the four and fivedimensional coupling constants, which are related in the form: κ 2 (4) = 8πG N = κ 4 (5) λ/6, where λ is defined as the brane tension, and G N is the Newton constant. For purposes of simplicity, we will not consider bulk matter, which translates into F µν = 0, and discard the presence of the four-dimensional cosmological constant, Λ (4) = 0, as we do not expect it to have any important effect at galactic scales (for a recent discussion about it see [35] ). Additionally, we will neglect any nonlocal energy flux, which is allowed by the static spherically symmetric solutions we will study below [28] .
The energy-momentum tensor, the quadratic energymomentum tensor, and the Weyl (traceless) contribution, have the explicit forms
Here, p and ρ are, respectively, the pressure and energy density of the stellar matter of interest, U is the nonlocal energy density, and P is the nonlocal anisotropic stress. Also, u α is the four-velocity (that also satisfies the condition g µν u µ u ν = −1), r µ is a unit radial vector, and h µν = g µν + u µ u ν is the projection operator orthogonal to u µ .
Spherical symmetry indicates that the metric can be written as:
If we define the reduced Weyl functions V = 6U/κ 4 (4) , and N = 4P/κ 4 (4) . First, we define the effective mass as:
Then, from Eqs.
(1) and (2) and after straightforward calculations we have the following equations of motion:
where a prime indicates derivative with respect to r,
, and the effective energy density and pressure, respectively, are given as:
Even though we will not consider exterior galaxy solutions, we must anyway take into account the information provided by the Israel-Darmois (ID) matching condition, which for the case under study can be written as [28] :
In this case, the superscript (−) indicates the interior value of the quantity at the halo surface 1 of the galaxy, assuming that ρ(r > R) = 0 where R denotes the maximum size of the galaxy. Also, the previous equation 1 We denote the surface of the galaxy as a region where does not exist DM or baryons, i.e., the intergalactic space.
takes in consideration the fact that the exterior must be Schwarzschild which in general the following condition must be fulfilled V(r ≥ R) = 0 = N (r ≥ R) (see [28] for details). For completeness, we just note that the exterior solutions of the metric functions are given by the well known expressions B(r) = A −1 (r) = 1 − 2G N M ef f /r. Finally, we impose N = 0 (see [28] ). Implying that Eq. (7) is restricted as:
with the aim of maintain a galaxy Schwarzschild exterior.
III. LOW ENERGY LIMIT AND ROTATION CURVES
To begin with, we observe, from Eq. (5a) in the low energy (Newtonian) limit, that we have:
From here it is possible to note that dΦ/dr = −ρ −1 (dp/dr) resulting in
being necessary to define the energy density of DM together with the nonlocal energy density. Notice that the nonlocal energy density can be obtained easily from Eq.
(5b) in the galaxy interior and also the fluid behaves like dust, implying the condition p = 0, always fulfilling the low energy condition 4πr
1, between effective quantities and in consequence 4G N M ef f V/r 2 ∼ 0, is negligible. In addition, the rotation curve is obtained from the contribution of the effective potential, this expression can be written as:
where M DM (r) is the contribution to the mass from DM, M Brane (r) gives the modification to the DM mass that comes from the brane; and M ef f (r) must be greater than zero. From here, it is possible to study the rotation velocities of the DM, assuming a variety of density profiles. Before we start let us define the following dimensionless variables:r ≡ r/r s , v 2 0 ≡ 4πG N r 2 s ρ s andρ ≡ ρ s /2λ where ρ s , is the central density of the halo and r s is associated with the central radius of the halo.
A. Pseudo isothermal profile for dark matter
Here we consider that DM density profile is given by PISO [16] written as:
From Eq. (11), together with Eq. (12), it is possible to obtain:
In the limitρ → 0, we recover the classical rotation velocity associated with PISO for DM. The effective density must be positive defined, then λ > ρ s must be fulfilled. The first right-hand term in parenthesis in Eq. (13) is PISO dark matter contribution and the second is brane's contribution.
B. Navarro-Frenk-White profile for dark matter
Another interesting case (motivated by cosmological N -body simulations) is the NFW density profile, which is given by [36] :
This is a density profile that diverges as r → 0 and it is not possible to say that ρ s is related with the central density of the DM distribution. Also density goes as 1/r 3 whenr 1. However, in this particular case, we will still be calling them the central density and radius of the NFW matter distribution. From Eq. (11), together with Eq. (14) we obtain the following rotation curve:
(1 +r) ln(1 +r) −r r(1 +r)
The first right-hand term in parenthesis in Eq. (15) is NFW dark matter contribution and the second one is the brane's contribution. Notice that we recover also the classical limit whenρ → 0. In addition, it is important to remark that the effective density must be positive defined, then λ > ρ s r s /r. Also, if M(r) must be greater than zero, then r > r min where r min is given by solving the following equation:
where we define α ≡ r min /r s as a dimensionless quantity.
C. Burkert density profile for dark matter
Another density profile was proposed by Burkert [17] , which it has the form:
Again, from Eq. (11), together with Eq. (17) we obtain the following rotation curve:
In the limitρ → 0, we recover the classical rotation velocity associated with Burkert density profile [17] . The effective density must be positive defined, then λ > ρ s . Again the first right-hand term in parenthesis in Eq. (18) is Burkert DM contribution and the second one comes from the brane's contribution.
IV. CONSTRICTIONS WITH GALAXIES WITHOUT PHOTOMETRY
To start with the analysis, we χ 2 best fit the observational rotation curves of the sample with:
where i runs from one up to the number of points in the data, N ; V theo , is computed according to the velocity profile under consideration and δV exp i , is the error in the measurement of the rotational velocity. Notice that the free parameters are only for DM-Branes: r s , ρ s and λ. In the tables below we show χ
where n p is the number of parameters to fit, being in our case, n p = 3.
The analyzed sample of galaxies are twelve high resolution rotation curves of LSB galaxies with no photometry (visible components, such as gas and stars, are negligible) as given in Ref. [34] . This sample was used to study DM equation of state (EoS) in Ref. [37] . We remark that in this part we use units such that 4πG N = 1, velocities are in km/s, and distances are given in kpc.
A. Results: PISO profile + Branes
We have estimated the parameters of the PISO+branes model and were compared with PISO model without brane contribution, minimizing the appropriate χ 2 for the sample of observed rotational curves, using Eq. (19) with Eq. (13) and taking into account that λ > ρ s must be fulfilled.
In Fig. 1 we show, for each one of the galaxies in the sample, the plots of the PISO theoretical rotation curve (solid line), that best fit of the corresponding observational data (orange symbols); also shown are the errors of the estimation (brown symbols). For each galaxy we have plotted the contribution to the rotation velocity due only to the brane (red long-dashed curve) and only to the dark matter PISO density profile (blue short-dashed curve), see Eq. (13) . Brane effects are very clear in galaxies: ESO 2060140, ESO 3020120, U 11616, U 11648, U 11748, U 11819. In Table I it is shown the central density, central radius and the brane tension which is the free parameter of the brane theory (only in PISO+branes). As a comparison, it is also shown the central density and radius without brane contribution. The worst fitted galaxies were (high χ
B. Results: NFW profile + Branes
For the NFW density profile case we have the following results: We have estimated parameters with and without brane contribution by minimizing the corresponding χ 2 , Eq. (19) with Eq. (15), for the sample of observed rotation curves and taking into account that λ > ρ s r s /r in order to have an effective density positive defined, always fulfilling Eq. (16).
In Fig. 2 , it is shown, for each galaxy in the sample of the LSB galaxies, the theoretical fitted curve to a preferred brane tension value (solid line), the NFW curve and the rotation curve associated with the mass lost by the effects of branes, see Eq. (15). In Table II (18), for the sample of observed rotation curves. We have considered that λ > ρ s must be fulfilled.
The results are shown in Fig. 3 , where it is plotted the fit to a preferred brane tension value, remarking the total rotation curve (solid line), the Burkert DM density contribution curve (blue short-dashed line) and the rotation curve associated with the mass lost by the effects of branes (red dashed line), see Eq. (18). In Table  III 
D. Results: a synthetic rotation curve
Finally, we show the fitting results of the DM models plus brane's contribution to a synthetic rotation curve. This synthetic rotation curve was made of 40 rotation curves of galaxies with magnitudes around M I = −18.5 [38] . These 40 rotation curves came out of 1100 galaxies that gave the universal rotation curve for spirals. For this sample of low luminosity galaxies, of M I = −18.5, it was shown that the baryonic disk has a very small contribution (for details see reference [38] ).
In this subsection we are now using units such G = R opt = V (R opt ) = 1, where R opt and V (R opt ) are the optical radius and the velocity at the optical radius, respectively. R opt is the radius encompassing 83 per cent of the total integrated light. For an exponential disk with a surface brightness given by: I(r) ∝ exp(−r/R D ), we have that R opt = 3.2R D [38] .
In figure 4 we show the synthetic rotation curve and the fitting results using PISO, NFW and Burkert profiles with and without brane's contribution. As we can see in Table IV the same trend is observed in the brane's tension values as compared with the results for the LSB catalog analyzed above using PISO, NFW and Burkert as a DM profiles: lower value is obtained for NFW model and higher values is obtained for Burkert density profile.
Given that this synthetic rotation curve is built from 40 rotation curves of real spirals, the values of the brane's tension in table IV is representative of all these rotation curves. Then, for PISO model λ = 60.692 M /pc 3 , a value that is greater than the average value of the tension shown in Table I Table III ; a value outside the range marked by the standard deviation.
V. DISCUSSION AND CONCLUSIONS
We have presented in this paper, the effects coming from the presence of branes in galaxy rotation curves for three density profiles used to study the behavior of DM at galactic scales. With this in mind, we were given to the task of study a sample of high resolution measurements of rotation curves of galaxies without photometry [34] and a synthetic rotation curve built from 40 rotation curves of galaxies of magnitude around M I = −18.5 fitting the values of ρ s , r s and λ through minimizing the χ 2 red value and we have compared with the standard results of ρ s , r s for each DM density profile without branes. The results for every observable in the three different profiles were summarized and compared in Tables I-IV. From here, it is possible to observe how the results show a weaker limit for the value of brane tension (∼ 10 −3 eV 4 − 46 eV 4 ) for the three models, in comparison with other astrophysical and cosmological studies [28] [29] [30] [31] [32] [33] ; for example, Linares et al. [28] show that weaker values than λ 10 4 MeV 4 , present anomalous behavior in the compactness of a dwarf star composed by a polytropic EoS, concluding that a wide region of their bound will show a non compactness stellar configuration, if it is applied to the study shown in [28] .
It is important to notice that chosen a value of brane tension that not fulfill our bounds imposed through the paper, generate an anomalous behavior in the center of the galaxy which is characteristic of the model. Remarkable, for higher values of this bound, the modified rotation curves are in good agreement with the observed rotation curves of the sample that we use, presenting only the distinctive features of each density profile: For example, NFW dark matter density profile prefers lower values of the brane tension (on the average λ ∼ 0.73 × 10 −3 eV 4 ), implying clear effects of the brane; PISO dark matter case has an average value of λ ∼ 0.96 × 10 −2 eV 4 and show relatively the maximum dispersion on the fitted values of the brane tension; whereas Burkert DM density profile shows negligible brane effects, on the average λ ∼ 0.93 eV 4 -46 eV 4 .
In addition, it is important to discuss briefly the changes caused by the presence of branes in the problem of cusp/core. Notice that in this case the part that play a role is the effective density which is written in terms of brane corrections as: ρ ef f = ρ(1 − ρ/λ); it is notorious how the small perturbations alleviate the cusp problem which afflicts NFW, albeit the excessive presence of these terms could generates a negative effective density profile; also PISO and Burkert show modifications when r → 0 but does not pledge its core behavior while the brane tension only takes small values. In this way, the possibility of having a core behavior, help us to constraint the value of brane tension and still keep in the game the NFW profile.
Summarizing, it is really challenging to establish bounds in a dynamical systems like rotation curves in galaxies due to the low densities found in the galactic medium, giving only a weaker limits in comparison with other studies in a most energetic systems. Our most important conclusion, is that despite the efforts, we think that it is not straightforward to do that the results fit with other astrophysical and cosmological studies, being impractical and not feasible to find evidence of extra dimensions in galactic dynamics through the determination of the brane tension value, even more, we think that exist too much dispersion in the fitted values of the brane tension using this method for some DM density profile models. Also it is important to note that the value of the brane tension is strongly dependent of the characteristic of the galaxy studied, suggesting an average for the preferred value of the brane tension in each case. In addition, we notice that the effects of extra dimensions are stronger in the galactic core, suggesting that the NFW model is not appropriate in the search of constraints in brane theory due to the divergence in the center of the galaxy (see Eq. (16)); PISO and Burkert could be good candidates to explore the galactic core in this framework; however it is necessary a more extensive study before we obtain a definitive conclusion.
As a final note, we know that it is necessary to recollect more observational data to constraint the models or even give the final conclusion about extra dimensions (for or against), supporting the brane constraints shown through this paper with a more profound study of galactic dynamic or other tests like cosmological evidences presented in CMB anisotropies. However, this work is in progress and will be reported elsewhere. [1] E. Fischbach and C. Talmadge, The search for NonNewtonian Gravity (Springer-Verlag, New York, 1999).
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